During typical supersonic cruising, the temperature of the aircraft skin rises above 300 K due to aerodynamic heating. In this situation, aircraft-skin infrared (IR) suppression, used to minimize the radiation contrast from the background is a crucial survival technology. In the present study, a technique to evaluate the effectiveness of IR suppression of aircraft skin is proposed. For this purpose, a synthetic procedure based on numerical simulations has been developed. In this procedure, the thermal status of aircraft skin is obtained using a computational fluid dynamics (CFD) method for complex aircraft geometries. An IR signature model is proposed using a reverse Monte Carlo (RMC) technique. The detection range and the IR contrast are adopted as the performance indicators for the evaluation of the aircraft IR suppression. The influence of these factors related to the aircraft-skin radiation, such as aircraft-skin emissivity, surface temperature distribution and flight speed, on the IR contrast and the detection range is also studied. As a test case, the effectiveness of various IR suppression schemes was analyzed for a typical air combat situation. Then, the method is applied to clarify the contribution of each aircraft component to the IR suppression of the overall IR radiation. The results show that aircraftskin temperature control and emissivity control are effective means to reduce the IR radiation and to achieve lower detection. The results can be used as a practical guide for designing future stealth aircraft.
Introduction
Evaluating the effectiveness of aircraft infrared (IR) suppression allows various factors that affect aircraft IR emission to be determined, and the results can be used to detect, track, and lock-on to the target. For supersonic aircraft, IR suppression instruments to reduce aircraft IR radiation are crucial technologies to minimize the detectability from the enemy IR detectors and to improve the aircraft survivability. 1) However, the IR suppression effectiveness of aircraft in actual flight depends on both the flight status and the aircraft IR suppression technique. To optimize the performance of the aircraft IR suppression technique, it is first necessary to develop a complete model that allows the effect of IR suppression measures on the IR effectiveness to be assessed. The process of evaluating the IR suppression effectiveness is a complicated task in which all areas related to the aircraft stealth technology should be integrated. Up to now, several studies have been conducted through experimental investigations 2) and numerical simulations. [3] [4] [5] Cline et al. 2) reported a successful validation of the F/A-22 IR signature prediction model by using in-flight IR radiometric measurements. The results demonstrated the compliance with the IR signature specification of the F/A-22 program. Mahulikar et al. 3) presented a procedure to predict the IR signature emission from the airframe, engine casing and plume, as well as its attenuation due to the atmosphere intervention. It was shown that the contrast of emission against the background determines the IR signature level. In 1991, a computer model, NIRATAM (NATO infrared air target model), was developed by the NATO-organized RSG6 Ó 2012 The Japan Society for Aeronautical and Space Sciences (research study group on infrared signatures of aircraft, helicopters and anti-aircraft missiles), 4) enabling the IR signature of an aircraft in natural environments to be predicted. Rao and Mahulikar 5) assessed the aircraft susceptibility from the first principles against the threat posed by passively guided IR homing missiles. In their study, a lethal envelope was proposed as a susceptibility assessment criterion relevant to IR-guided missiles, in contrast to the conventional criterion for aircraft susceptibility assessment, which based on the lock-on envelope. However, these previous studies are only concerned with the results of the aircraft IR suppression evaluation or the methods for IR radiation calculation, and synthetic models for handling both IR signature calculation and effectiveness evaluation have not been established. Thus, the capabilities of the existing models are not sufficient for evaluating the aircraft IR suppression effectiveness.
In the early days, IR stealth research studies were mainly focused on the propulsion system radiation of 3-5 mm, [6] [7] [8] [9] [10] [11] and this still remains as one of the areas of concern. Recently, however, the aircraft-skin radiation in the range of 8-14 mm has gradually become a challenge in aircraft IR research. [12] [13] [14] As modern advanced aircraft have supersonic cruise capability, 14) the aircraft skin in supersonic flight is exposed to shock waves and aerodynamic heating, which may cause problems related to the aircraft structural safety, but also increases aircraft-skin temperature. When the aircraft-skin temperature rises above 300 K, according to the Wien's displacement law, the wavelength of the peak radiation energy emitted from the aircraft skin is in the 8-14 mm band, which belongs to one of the atmospheric windows. Thus, the aircraft-skin IR radiation becomes unfavorable for aircraft survivability.
When evaluating the aircraft-skin IR effectiveness, an essential part of the numerical procedure is to assess the IR radiation level. Currently, several methods are available, including the finite-volume method, 15) the discrete-ordinates method, 16) and the Monte Carlo method. 17) The Monte Carlo method is a numerical technique used to solve various scientific and engineering problems by tracing the history of a number of rays that represent photon bundles traveling through a medium. Compared to the finite-volume method and the discrete-ordinates method, the Monte Carlo method has the obvious advantage of being able to handle complex geometries and anisotropic scattering in the simulation of radiation transfer. However, Monte Carlo simulations require large computational time, and thus, for calculating the IR radiation signature level at a given position, the reverse Monte Carlo method is more advantageous. Collins et al. 18) reported an early work on the RMC method relevant to radiation transfer calculations.
In the present study, various IR suppression schemes in the 8-14 mm band are proposed, and the IR suppression effectiveness is examined. To assess the aircraft-skin IR radiation, prediction of accurate temperature distributions on the aircraft skin is a pre-requisite. For this purpose, a computational fluid dynamics (CFD) method is adopted to estimate the aircraft-skin thermal status, which depends on all hot source emissions, including aerodynamic heating, internal heat source and reflected ambient radiation, from the surrounding environment. Considering the complexity of the physical phenomena and the geometry involved, the Monte Carlo method is adopted for calculating the IR radiation. The IR theoretical model for evaluating the IR signature level from aircraft skin is introduced based on the RMC method. Finally, from the IR contrast and the detection range, the effectiveness assessment for aircraft IR radiation suppression is analyzed.
Numerical Method for IR Effectiveness Evaluation
The overall procedure of assessing the aircraft-skin IR suppression effectiveness is outlined in Fig. 1 . The methodology essentially consists of three modules: aircraft-skin temperature prediction, aircraft-skin IR radiation calculation and IR suppression effectiveness evaluation. This section describes the models used in each module, and explains how they are implemented together.
Aircraft-skin temperature prediction
Information about the aircraft-skin temperature distribution is a pre-requisite for evaluating the IR radiation characteristics. To acquire this temperature distribution as the input for the IR signature level calculation, a CFD technique was employed. 19) The two major heat sources contributing to the aircraft-skin temperature are the aerodynamic heating in high Mach number free stream and the hot engine casing. Environmental factors, such as sunlight and atmosphere background, are known to only increase aircraft-skin temperature 4 K, and thus are neglected in the present study. To simulate the flow field, the Reynolds-averaged NavierStokes (RANS) equations in the form of a conservation law is employed. 20) For the turbulence closure, the eddy viscosity is determined by adopting the two-equation RNG k-" turbulence model. To consider the internal heat conduction from the hot engine casing, the region between the aircraft skin and the internal engine casing is also modeled with a computational grid, and the energy transport equation is solved.
The governing equations are discretized using a cell-centered finite-volume formulation. A second-order upwind method based on a low-diffusion flux-splitting scheme is used to discretize the inviscid flux terms, while central difference approximation is adopted for the viscous and diffusive terms. The time integration is facilitated by a planar relaxation iteration procedure, which results in a second-order temporal accuracy after a sufficient number of convergence iterations. Finally, the integro-differential governing equations are solved through a successive substitution procedure.
The boundary conditions applied include the far-field, outflow, symmetry wall and convection wall. At the flow far-field boundary, the pressure at the aircraft flight altitude is specified. The outlet boundary of the engine intake passage is set to be an outflow condition. A symmetry condition is imposed at the symmetric plane of the aircraft. A convection boundary condition is specified at the solid wall of the region between the aircraft skin and the engine casing. The temperature at the engine casing is specified from the engine working state by dividing it into three sections: inlet, combustion and exhaust. Assuming that the engine is at a maximum working state, the apparent temperatures for each section are 400, 450 and 520 K, respectively. The heat transfer coefficient from the engine casing to the aircraft skin is set to 15 W/(m 2 K). The results from the CFD calculations at the aircraft skin are provided as the input for the IR calculation. Those flow variables are the temperature and the pressure on the grid nodal coordinates at the aircraft skin. 2.2. Aircraft-skin IR radiation calculation Figure 2 shows a schematic diagram of the RMC method for the aircraft-skin IR radiation. The aircraft skin is divided into several unit blocks based on the CFD mesh. Then, the ray transfer process is divided into a series of independent sub-processes, such as launch, reflection, and absorption. The dotted lines represent the real radiation transfer path, and the solid lines show the ray path in the RMC method. Here, the rays start from the detector, instead of starting from the aircraft skin.
From the definition of the radiation distribution factor, the radiant power Q 0!j , which is emitted from a surface element ÁA 0 at the solid angle d 0 along the incidence angle 0 and is absorbed by the surface elements ÁA j at the other solid angle d j , can be written as
Here, " 0 is the emissivity of the surface element ÁA 0 , I b is the blackbody radiative intensity, 0 is the incidence angle, and T 0 is the temperature at the surface element ÁA 0 . The radiation distribution factor RD 0j is defined as the fraction of the total radiation from the surface element ÁA j to ÁA 0 . In a similar manner, the radiant power Q j!0 , which is emitted from the surface element j at a solid angle d j and is absorbed by the surface element ÁA 0 at the solid angle d 0 along the angle j , can be written as
The reciprocity principle of the radiation distribution factor indicates
The radiation distribution factor can be determined through ray tracing using the RMC technique. The ray starts from the surface element ÁA 0 (or ÁA j ) at a solid angle d 0 (or d j ), and arrives at the other surface element ÁA j (or ÁA 0 ) at a solid angle d j (or d 0 ). Then, the radiation distribution factor RD 0j (or RD j0 ) is determined by how much energy fraction is absorbed by the element j (or 0) at the solid angle d j (or d 0 ). After RD 0j or RD j0 is obtained, the radiant heat absorbed by the surface element can be calculated by Eq. (3). The radiant energy from the aircraft skin is given as
To evaluate the IR suppression effectiveness in the third module, the radiant energy received by the detector is converted into the IR radiation intensity.
IR suppression effectiveness evaluation
The IR suppression effectiveness is a function of the aircraft IR signature level, flight mission, operating conditions, atmospheric parameters, background radiation, and missile detector performance. Therefore, the IR stealth performance of aircraft is not a simple parameter that can be easily determined. In the present study, the effectiveness evaluation of the aircraft-skin IR radiation suppression is achieved by the following two correlative approaches.
The first approach is to assess the radiance contrast between the target surface and the background radiance as transmitted by the atmosphere within the detector wavelength band. As the detector technology continues to improve, the radiance contrast becomes a limiting factor of the IR detection, identification and tracking of the target. Here, by assuming that the field of view of the detector is completely filled by the target aircraft, the IR contrast is given as
where C is the radiance contrast between the target and the background. I T and I B are the target IR radiation and the background IR radiation, respectively. It is not necessary to correct the radiance contrast because it is based on the thermal signal contrast between the target and the background for identifying the target. Furthermore, since the radiance contrast does not involve any complex atmospheric transmittance or other factors, this physical quantity is an efficient and simple parameter to describe the IR stealth performance. The second approach is to evaluate the detectable range using the IR detector system. The IR detection range equation is derived based on the radiance contrast. The maximum detection range of an IR detector depends on its performance and the contrast between the target radiance and the background radiance.
The IR detection system perceives the IR radiation energy from the target through the atmosphere. The atmosphere has two important roles in the evaluation of the aircraft IR signature. The atmosphere absorbs some of the IR radiation emitted from the aircraft before it reaches the IR detector. In addition, the atmospheric radiance forms the background IR radiation against which missile IR detectors distinguish the aircraft IR emission. Both of these phenomena allow reduction of the amount of IR signature when the aircraft is perceived by the IR detector. Therefore, it is important that the IR radiation characteristics of the atmosphere are modeled accurately. The detection range of an IR detector can be described as
The IR detection system adopted as a reference in the present study is the Catherine-GP thermal imager (288x4 HgCdTe) manufactured by the SOFRADIR Company in France. 21) The operational wave band of the system is 8-14 mm, the instantaneous view field (!) is 3 Â 3 and the masking aperture (D 0 ) is 125 mm. The normalized detectivity (D Ã ) is 2:3 Â 10 11 cmÁW À1 ÁHz À1=2 and the signal-tonoise ratio (SNR) is 6. In addition, the optical system transmissivity (( 0 ) is 0.8, the noise equivalent bandwidth (Á f ) is 2 Â 10 3 and the focal distance ratio (F) is 1.7. In general, the primary purpose of IR stealth is to reduce the value of the IR intensity (I T ) shown in Eq. (6) . To achieve this, one can change the IR radiation from the target by reducing the target surface emissivity, or by decreasing the target surface temperature, a process known as thermal suppression, which subsequently reduces the IR signature of the target. In addition, the route of the IR radiation transmission between the target and the detector can be altered.
When the IR detector is located far away from the aircraft, the aircraft IR image is not completely full of the detector view field, and some portion of the background radiation still reaches the detector. Thus, the background radiation should be subtracted.
By combining Eqs. (5) and (7), the relationship between the contrast and the detection range can be deduced as follows:
To simplify Eq. (8), the performance coefficient K, which is related to the specific detection system used, can be defined as
For the IR detection system selected in the present study, the performance coefficient K is determined to be 2749.8 m(W/sr) À1=2 . Then the detection range can be written as
Here, the background environment is assumed to be mid-latitude summer at an 11 km altitude. In this environment, the temperature is 216 K, 22) and the emissivity of the background environment is taken to be 0.95.
Determination of the detection range directly using Eq. (8) is quite complicated. It requires knowledge of the atmosphere transmissivity, but the value is conversely related to the detection range itself. This makes Eq. (8) an implicit equation to solve for the detection range, which usually requires an iterative approach. To avoid the complexity and the calculation time involved in the iterative method, a data-fitting method was adopted in the present study to obtain the variation of the detection range as a function of the atmosphere transmissivity. The atmosphere transmissivity data at different altitudes and latitudes can be obtained from experiments 23) or LOWTRAN. 24) In Table 1 , the atmospheric transmittance of a rural aerosol model is presented as calculated by the LOWTRAN code at different ranges. Then, the relationship between the atmosphere transmissivity and the altitude can be determined by an exponential curve-fitting tool (CFTOOL). 25) It is identified that the following functional relationship between the detecting range and the atmospheric transmittance works reasonably well.
(ðRÞ ¼ 0:1513e À0:5847R þ 0:8465e
By substituting Eq. (11) into Eq. (10), the detection range for a given IR signature level can be calculated.
Results and Discussion
For the demonstration of the present method, the effectiveness of the IR signature suppression of the aircraft skin is calculated. In this calculation, the IR radiation band adopted is 8-14 mm unless otherwise specified. Since most of the research related to the aircraft IR stealth are for military purposes, a typical advanced fighter aircraft F22 is selected as the geometric model. All geometry data of the aircraft used in the present study are obtained from publically available documents and website information.
26)

Aircraft-skin IR suppression analysis
The sources of the IR radiation from an aircraft are the powerplant, nozzle, exhaust plume and airframe.
3) Of these, the powerplant is the major contributor because a large amount of heat is emitted from the gas turbine engine, causing high plume radiation. 27) Another important kind of IR radiation is the aircraft-skin thermal radiation, which mainly comes from aerodynamic heating in supersonic flight, and increases the maximum temperature of the aircraft skin up to 300-400 K. The wavelength of the IR radiation is mostly distributed in a 7.3-10 mm band, which belongs to one of the atmospheric windows.
To compare the difference of the aircraft IR radiation wavelength for 8-14 mm and 3-5 mm, the IR radiation intensity in a typical flight condition of 11 km altitude and a flight Mach number of 1.6 is presented at the aircraft horizontal plane in Fig. 3 . It is shown that in this supersonic flight, the aircraft skin is exposed to aerodynamic heating, and the aircraft-skin radiation at 8-14 mm dominates the IR signature from all components of the aircraft. However, the aircraft-skin radiation from the engine thermal source is in the 3-5 mm range, and is mainly concentrated at the nozzle and the plume. Thus, for the aircraft stealth studies, the aircraftskin IR radiation suppression at 8-14 mm should be considered separately from the engine plume radiation.
As shown in Fig. 3 , the IR radiation from the aircraft skin is within the 8-14 mm band, and the IR intensity distribution is quite different at each azimuthal point. This is due to the complexity of the geometric profile and the thermal distribution of the aircraft. Thus, to evaluate the aircraft IR suppression effectiveness, it is necessary to understand the spatial distribution of the IR radiation characteristics from all aircraft components in the band width of 8-14 mm. In Fig. 4 , the complete aircraft is divided into several components, such as the head section, wing, inlet, vertical tail, engine casing, front fuselage, rear fuselage and horizontal tail.
In Fig. 5 , the IR radiation intensity distribution in the 8-14 mm band from the various aircraft components in Fig. 4 is presented at the aircraft horizontal plane. The radial axis represents the aircraft-skin IR radiation intensity, and the angular axis shows the aircraft horizontal azimuth. The azimuthal angle of 180 degrees represents the direction looking from the front of the aircraft.
Along the 180-degree azimuth angle, two aircraft components, the head and the wing, contribute most to the IR radiation intensity in which aerodynamic heating plays the major role. Meanwhile, the contributions from the fuselage and the nozzle are not significant. However, at 120 or 240 degrees, the vertical stabilizers, the front fuselage and the head become the major IR sources. Although the engine casing is at the highest temperature, the contribution of this component is less than that of the fuselage or the head at 90 or 270 degrees. This is because the IR radiation intensity is the product of the radiance and the projection area of the source component along the detecting direction. Thus, those components with larger projection areas, such as the fuselage or the head, can contribute more to IR radiation intensity than any other components with smaller projection areas along the detecting direction. 3.2. Effect of aircraft-skin temperature on IR suppression effectiveness To achieve aircraft IR stealth and to reduce the IR radiation emitted from the aircraft skin, a number of possible approaches are available. According to Planck's law, 22) aircraft-skin IR radiation strongly depends on the emissivity and the temperature of the skin itself. The IR suppression systems for aircraft skin can be grouped into two categories: aircraft-skin cooling to match the background radiation intensity, and emissivity optimization to reduce the IR signature from the aircraft skin. In the present section, the effects of these IR suppression techniques on the aircraft-skin low detectible characteristics are studied.
The IR stealth requirements for an aircraft may be different depending on the changing background in flight. When the flight angle between the aircraft and the ground does not exceed 90 degrees at low altitudes, the aircraft skin reflects some of the radiation from the ground. In this situation, an active cooling technique for the aircraft skin is required. Aircraft-skin cooling techniques, such as the heat-pipe cooling 28) and liquid evaporative cooling, 29) have been patented as the IR suppression system.
To study the effect of aircraft-skin cooling on the effectiveness of the IR radiation suppression, four cases of reducing the aircraft component temperature by 10, 20, 30 and 40 K are tested. Here, four aircraft components, the head, wing, engine casing and vertical tail, are chosen as the skin-cooling objects.
The effect of aircraft-skin temperature reduction on the IR suppression effectiveness is investigated again for the supersonic cruise flight condition at 11 km altitude and at a free stream Mach number of 1.6. The IR detection range in Eq. (10) with respect to the aircraft azimuth is presented in Fig. 6 . As the view angle at the aircraft horizontal plane changes from 180 to 360 degrees, the detection range generally increases, except at the azimuth angle of 270 degrees, due to the aircraft geometry, temperature distribution and background radiation. The radiance contrast versus the aircraft azimuth angle in Eq. (5) is presented in Fig. 7 for the same test case. It is shown that the radiance contrast between the aircraft and the background monotonically increases as the view angle at the aircraft horizontal plane changes from 180 to 360 degrees.
In Figs. 6 and 7, it is shown that as the component temperature of the aircraft skin decreases, the IR detection range and the radiance contrast are reduced monotonically. This indicates that aircraft-skin cooling techniques can be effectively used to reduce the aircraft IR radiation. From the front view of the aircraft, the detection range, within which the aircraft can be perceived by the IR detector, is 25.6 km. When the aircraft-skin temperature is reduced by 20 K, the detection range is reduced to 23 km, allowing the aircraft to maintain an additional stealth distance of 2.6 km. The IR contrast between the aircraft and the background is also reduced from 4.02 to 2.9 accordingly. At this flight speed, this amounts to the aircraft having an extra attacking time of 4.3 s and a 27.9% increment in low observable capability compared to other ordinary aircraft without the IR stealth capability. The results also show that the stealth effectiveness of the aircraft has a linear relationship with the temperature reduction of the aircraft skin. 3.3. Effect of aircraft-skin emissivity on IR suppression effectiveness To minimize the aircraft-skin IR signature, the aircraftskin emissivity needs to be adjusted depending on the flight altitude and the Mach number, especially at high altitudes and at high speeds. The emissivity optimization of the aircraft skin is a technique of potentially reducing the IR radiation without any performance penalties, such as increased drag, additional weight, increased RCS and increased nozzle back pressure. In Ref. 30) , it was shown that fuselage emissivity reduction from 1.0 to 0.0 reduces the peak aircraft spectral lock-on range by almost 100% in the 8-12 mm band.
In the present study, the effect of aircraft-skin emissivity optimization on the IR suppression effectiveness is studied for the same supersonic cruise flight condition (11 km altitude and a free stream Mach number of 1.6). Four different emissivity cases for the aircraft component, 0.95, 0.7, 0.4 and 0.2, are tested to investigate their effects on the effectiveness of the IR radiation suppression. For consistency of the analysis, four aircraft-skin components, the head, wing, engine casing and vertical tail, were again chosen as the implementation objects to control the emissivity. In this analysis, it was assumed that the aircraft skin is a gray body, meaning that its emissivity is independent to the wavelength. This assumption simplifies the complexity of the analysis, but does not affect the results. 31) In Fig. 8 , the effect of aircraft-skin emissivity on the detection range at 8-14 mm is presented. Each point in the figure represents the different detection range for the corresponding azimuth angle at the aircraft horizontal plane. The results show that when the emissivity of the aircraft component is decreased from 0.95 to 0.7, the detection range of the aircraft is reduced from 25.6 to 23.5 km from the front view. This means that the aircraft achieves a stealth distance of 2.1 km, and is allowed to have extra attacking time of 4.0 s, compared to other ordinary aircraft without the stealth capability. In Fig. 9 , the effect of aircraft-skin emissivity on the IR contrast is presented. The results show that when the emissivity of the aircraft component is reduced to 0.7, the IR contrast between the aircraft and the background subsequently decreases from 4.0 to 3.0. This means that the aircraft has 25% lower observable capability.
Flight envelope analysis for IR suppression effectiveness
The aircraft flight condition in the flight envelope has a significant influence on the aircraft-skin temperature distribution, which dictates the aircraft IR suppression and its effectiveness. Figure 10 shows a typical flight envelope in which the operation boundaries of the aircraft performance, such as the maximum limitation of air speed, altitude and heat loading, are defined. The top boundary of the flight envelope represents the highest altitude, while the right boundary is the maximum flight speed and the thermal load limitation. The left boundary is the minimum flight speed.
The aircraft-skin temperature is dictated by the flight conditions, including flight altitude and Mach number. When an aircraft flies at a high altitude but at a low speed, the convection heat transfer plays a major role between the aircraft skin and the ambient air. When the aircraft flies at a supersonic speed, the heat transfer phenomenon essentially occurs on the aircraft skin where aerodynamic viscidity of the thin boundary layer decelerates the flow from supersonic to zero speed. Thus, aerodynamic heating increases as the aircraft speed increases. Furthermore, when the ambient temperature decreases with altitude, the aircraft-skin temperature becomes higher than the ambient temperature due to the internal heat source and aerodynamic heating. Therefore, in the flight envelope, there exists an equilibrium curve along which no heat exchange occurs between the aircraft skin and the environment. In Fig. 10 , two equilibrium curves, which represent different convection temperatures from the internal heat source, are marked at 290 and 300 K.
Determination of the equilibrium curves is helpful in finding the control law of the IR suppression technology that is more suitable for each specific aircraft flight condition. When calculating the equilibrium curve, the aircraft head section is taken as the reference position. From the CFD calculations, a series of aircraft-skin aerodynamic heating statuses at the reference position are calculated at the same altitude, but at different speeds. Based on the internal heat source temperature at the reference position, the equilibrium position at the given altitude can be obtained by interpolating those temperatures obtained at different speeds. Other equilibrium positions at different altitudes for the same internal heat source can also be determined in a similar manner. The equilibrium curve is then obtained by connecting those points obtained at different flight altitudes, flight speeds and aircraft internal temperatures.
The results show that the flight envelope is divided into two regions: the aerodynamic heating region and convective heat transfer region. The aerodynamic heating region is where aerodynamic heating plays the major role for the aircraft-skin temperature distribution, while in the other region, the convective heat transfer becomes the major source. Thus, when the aircraft flies inside the aerodynamic heating region, especially in supersonic flights, the aircraft skin is subject to undesirable serious aerodynamic heating, which could be detrimental to the aircraft IR stealth capability.
The results also indicate that as the aircraft internal temperature increases from 290 to 300 K, the temperature equilibrium curve moves from left to right in the flight envelope.
This suggests that the aircraft internal heat source is also an important factor for the aircraft IR suppression technology and its effectiveness evaluation.
To analyze the mechanism of the IR suppression effectiveness, it is necessary to consider the complete aircraft flight task. Table 2 shows the flight conditions for each stage for a flight task composed of four stages: takeoff, climb (low altitude and high altitude), cruise and return. Figure 11 shows the aircraft-skin temperature distribution at each stage of a typical flight task. During the takeoff or climb stages, the aircraft-skin temperature is closer to the local ambient temperature. At these stages, the main factor affecting the aircraft-skin temperature is determined by the flight altitude, because the flight speed of the aircraft is relatively low. However, during cruise and return, the main factor affecting the aircraft-skin temperature is aerodynamic heating, which is determined by both altitude and flight speed. At these stages, the aircraft-skin temperature is higher than the ambient temperature. For the complete flight task, the IR signature level of the aircraft is determined by the flight altitude, flight speed and engine-working status. The supersonic cruise is the key flight status of the IR stealth design because the aircraft-skin temperature is the highest.
The effect of different Mach numbers on the IR suppression effectiveness at 11 km altitude is investigated. In  Fig. 12 , it can be observed that the detection range decreases as the flight Mach number is reduced from 1.6 to 0.9. As shown in Fig. 10 , the flight Mach number of 0.9 belongs to the convection region in the aircraft flight envelope, whereas the flight Mach number of 1.6 is located inside the aerodynamic heating region. For the aircraft azimuth angles from 90 to 270 degrees at the aircraft horizontal plane, the detectable range at the flight Mach number of 1.6 is wider than that of 0.9. The results indicate that reducing the aircraft-skin IR signature from the front view is more important to the IR suppression effectiveness at the supersonic cruise stage. Figure 13 shows the effect of different flight Mach numbers on the radiance contrast. The value of the radiance contrast at 180 degrees at the flight Mach number of 0.9 is close to one, while the value at the flight Mach number of 1.6 is close to four. The results further illustrate that aerodynamic heating in supersonic flights has a more significant impact on the aircraft IR stealth design than in subsonic flights.
Conclusions
A synthetical method has been developed for simulation of the effects of temperature control and emissivity optimization on the IR stealth effectiveness of supersonic aircraft. This method provides a new tool to investigate the IR suppression law by combining a CFD technique, a RMC method and an effectiveness evaluation method. By calculating the IR contrast and the detection range, different suppression schemes that provide a reference for the aircraft stealth analysis and design in a typical supersonic cruise condition were studied. The results showed that smaller detection ranges or IR contrast values closer to one represent higher effectiveness for supersonic aircrafts. Compared to the detection range, the IR contrast is not affected by the atmosphere transmissivity or the IR detection system.
It was found that 3-5 mm IR radiation mainly come from the nozzle and the plume, and was concentrated in the rearward portion of the aircraft, while 8-14 mm radiation mainly come from the aircraft skin. Since the aircraft-skin IR radiation at 8-14 mm can be detected from any azimuthal angle, this radiation is particularly important for the aircraft IR stealth. It was also found that the main components of an aircraft contributing to the IR signature level at the aircraft horizontal plane were the head, wing, engine casing, and vertical tail. The aircraft-skin temperature control and the emissivity optimization on those components were effective approaches for reducing IR radiation and in achieving low detectible characteristics.
The present method was applied to investigate the aircraft IR suppression and evaluate its effectiveness in a typical flight envelope. The results showed that an equilibrium curve dividing the flight envelope into the aerodynamic heating region and the convection region exists, and this equilibrium curve can assist in designing an aircraft-skin IR suppression scheme. It was found that during supersonic cruising, the aircraft skin suffered from serious aerodynamic heating, and reducing this aerodynamic heating from the front view is important for the aircraft-skin IR stealth in the 8-14 mm range. 
